The deposition of chemical elements in a catchment occurs through three different processes: wet, dry and cloud deposition. Total deposition cannot be inferred from measurements made with open-field raingauges, and still constitutes a challenge to scientific method. The chemical composition of samples from an open-field raingauge (bulk precipitation) was analysed over a period of several years in a small Mediterranean catchment in the Maures Massif, France. The input of chloride measured in this way was two times lower than the output, despite the fact that this element is reputed to be conservative, which means input and output should roughly balance. This implies that input has previously been underestimated. Analysis of the bulk precipitation data was carried out taking into account both the history of rain events and of sampling. This study allowed the relative parts of the different deposition processes to be quantified. Dry deposition can provide^from 20% to more than 80% of the anthropogenic and terrigenic elements (Ca 2 ', Mg 2, , K', N0 3 ", SCV, Si0 2 ) to the rain samples. The occult deposition of marine elements on the catchment area (50% of total deposition) was found to be mostly due to cloud deposition during wet periods.
INTRODUCTION
Atmospheric deposition in catchments is one of the main sources of the chemical elements found in rivers. Nevertheless, the estimation of total deposition over an entire catchment is still a questionable issue in biogeochemical metrology. The transfer of chemicals from the atmosphere to the ground occurs via three pathways: (a) wet or rain deposition, (b) dry deposition of particles and gases, and (c) cloud interception. Transfer through the two last pathways often involves small particles, whose trajectories are sub-horizontal so they are not fully recovered by rain collectors. However, the rough and often extensive surface of the natural vegetation enables it to intercept these particles and, as a consequence, measurement of deposition in openfield rain collectors {bulk deposition) will always underestimate total chemical inputs to a natural catchment (Likens et al, 1977) . Throughfall analysis is considered a reliable way to estimate total deposition of many chemical species (Lindberg & Lovett, 1992; Mayer & Ulrich, 1977) , although the role of nutrient leaching in the canopy (Lovett & Lindberg, 1984) and spot-scale spatial variability (Robson et al, 1994) may not be accounted for satisfactorily. Another method that can be used for conservative elements, such as chloride in specific environments (e.g. Probst et al, 1992) , is the measurement of output fluxes over long periods, which provides an estimation of total atmospheric input.
Since no entirely satisfactory method is presently available, bulk deposition in open-field raingauges still continues to be used as it is the oldest and easiest way to measure chemical input fluxes, even if it is not representative at the catchment scale (Durand et al, 1992; Escarre et al, 1999; Reynolds et al, 1997) .
The purpose of this article is to identify what is really measured in "bulk precipitation", and to determine how relevant this measurement is in estimating total atmospheric input to a catchment.
STUDY AREA, MATERIALS AND METHODS
The study area was the Rimbaud catchment (1.46 km"), located at an elevation of between 470 and 620 m, and at a distance of 8 km from the Mediterranean shore, in the Maures Massif (southeastern France). It is geologically homogeneous, underlain by slightly altered gneiss, with thin, sandy soils of the ranker type. The vegetation, which was originally comprised of shrubby maquis and a degraded forest of cork oak, chestnut and maritime pines, was destroyed in 85% by a forest fire during the summer of 1990. The Rimbaud catchment is a nested sub-basin of the experimental research basin Real Collobrier (Fig. 1 ) , which has been continuously observed and gauged since 1966 (Lavabre, 1990) . The climate is Mediterranean, with intense rains in the autumn, mild winters with rare snowfalls, and drought in the summer (the river is generally dry from July to September). Annual precipitation is approximately 1100 mm, annual runoff, 700 mm, and potential evaporation around 900 mm.
The main data used for this study were 54 samples of "bulk precipitation" collected continuously at the Rimbaud metallic raingauge over five hydrological cycles (September-August) between 1989 and 1994.
An automatic streamwater sampler collected 295 samples over the same period allowing chemical output fluxes to be estimated. For this purpose, the method used took into account the close relationships between concentrations and discharge (Martin, 1987) . These data were completed with some throughfall chemistry measurements made at the Pounches site (800 m from Rimbaud catchment) between March and November 1993.
All the samples were analysed for pH and electric conductivity, and filtered (0.45 urn) in the field. Concentrations of Si0 2 (colorimetry), Ca 2+ , Mg 2 " (volumetry and atomic absorption), KT, Na + (flame photometry), HCO3" (volumetry), CI" (volumetry and colorimetry), NO3", SO4 2 " (colorimetry) were determined within eight days. Alkalinity was computed from pH and carbonate concentration.
RESULTS AND DISCUSSION

Chemical composition and origin of the rain
Bulk precipitation at Rimbaud is usually slightly acidic with a pH of around 5, with exceptional values of below 4.5 or above 6.5. Considering the volume-weighted mean concentration of all the samples (Fig. 2) , Ca 2 ", SO4 Principal Component Analysis on the whole set of Rimbaud bulk precipitation concentrations showed that only three components account for 90% of the variance of the standardized data. The first component can be identified as overall mineral content, while a projection on second and third components allows better discrimination of the distribution of solutes (Fig. 3) . About half of the samples arise from a background chemical composition along three typical directions (see examples in Fig. 4 ): -Type 1 : some samples taken in spring and summer showed high levels of HC(V and Ca~+ due to the dissolution of Saharan dusts (Loye-Pilot et al, 1986 ). -Type 2: some winter samples were rich in sea salts from the Mediterranean (Na T , CI"), -Type 3 : some samples taken in spring and summer had high levels of S0 4~\ N0 3 ", K + and Ca 2 ', most likely due to atmospheric pollution (Durand et al, 1992) . These three types of chemical characteristics of bulk precipitation are recognized as typical of north Mediterranean regions. Their different origins have been confirmed by the study of the back-trajectories of air masses arriving at the sampling sites (Avila et al, 1998, in Catalonia; Loye-Pilot et al, 1986 in Corsica). 
Chloride budgets
Chloride is considered to be a conservative element in most headwater catchments without evaporites or other internal sources (Meybeck, 1983) , and, this being the case, over a sufficiently long period inputs and outputs should roughly balance. In the Rimbaud catchment, the difference between measured annual input from bulk collection and output fluxes lies between 0 and -57 kg ha" 1 (Fig. 5) . Over the measured period the output flux was 2.2 times greater than the input flux. The possible reasons for this apparent deficit were checked: the geological conditions do not account for any internal source of chloride; the soils are not deep enough to store large quantities of chloride and deliver them later; the spatial variability of chemical inputs, which could be a possible source of error (Lovett et al., 1997) , has already been studied on the four raingauges shown in Fig. 1 (Martin et al, 1996) and can only explain 20% of the budget deficit. Thus the explanation for the deficit undoubtedly has to do with the difference between the amount of CI" measured in the rain collector and the amount of CI" deposited in the entire catchment. This difference may be deduced by comparing throughfall and bulk precipitation data in the regional context. Chemical data were collected between March \. ''l-. 1977 390 1991 1992 1993 Fig. 5 Annual input and output fluxes of chloride (hydrological years, SeptemberAugust) in the Rimbaud catchment, with maximum uncertainty on measurement: 20% on input, 25% on output, including uncertainty on discharge, rain, concentrations, interpolation. Data from 1976 and 1977 were added (Martin, 1986) .
(kg/ha) 100- and November 1993, at the Pounches site, located 800 m from the Rimbaud catchment ( Fig. 1) , in 12 collectors placed under different tree species, and in a "bulk precipitation" collector. Total rainfall during this period was 750 mm. These data, which had already been analysed for concentrations of chemicals (Pichon et al, 1996) , were used to calculate water and chemical fluxes to the collectors over the whole period to estimate total deposition. The values given in Table 1 show that: -as expected, the volume of rainfall is lower under the trees than in open areas, although it is subject to high spatial variability; and -the chemical composition of rain is modified when passing through the canopy.
All the elements, except NO3", present higher fluxes under the trees than in the bulk precipitation, with high spatial variability at this small plot scale (as at other sites, e.g. Robson et al, 1994) , in spite of the length of the period. These enrichments are due either to the washing off of impacted aerosols, or to leaching of elements produced by the vegetation. Over the last 20 years many studies have been carried out to specify the role of each of these processes in the removal of elements from the canopy (e.g. Bellot et al, 1999; Lindberg & Garten, 1988; Lovett & Lindberg, 1984; Probst et al, 1992) and have shown that the different values found under the canopy can be attributed to leaching: 80-100% for K + , around 50% for Mg 2+ , 20-30% for Ca 2+ , 0-30% for S0 4 2 ", and less than 10% for CI" and Na + . In the specific case of CI", the enrichment is almost entirely due to washing off of atmospheric deposition. Depending on the vegetation, this value ranges between 1.5 and 2.7 (Table 1) , and is also consistent with the output/input rate in the Rimbaud catchment (2.2 over 7 years). Both approaches (budget and throughfall) confirm that in this environment, bulk deposition collectors fail to measure roughly half the chloride entering the catchment. These differences are high compared to other environments (Feller & Kimmins, 1979; Reynolds et al, 1997) , but have nevertheless already been observed elsewhere (Probst et al, 1992) . The "occult" (not measured) deposits may be due to dry and/or cloud deposition and concern all the elements, as shown by the throughfall/bulk precipitation ratios (Table 1) .
The bulk precipitation data are investigated in more detail below, to determine the relative contribution of dry and cloud deposition in the concentrations measured.
Time dependence of bulk precipitation concentrations
Even though raingauges do not satisfactorily recover dry and cloud deposition, one can nevertheless assume that the proportion of these deposits trapped by the gauge will become apparent in a detailed examination of the sampling data. Indeed, some particles do fall straight into the cone of the gauge and enter the storage bottle with the rain. Hence, the solution sampled in an open-field raingauge reflects both the whole wet deposition over the sampling period and the proportion of dry and cloud deposition entering the bottle over the same period. The representative duration for dry deposition was defined as accumulation period (DACC): this is the time between the last rain before the beginning of sampling, and the last rain before the end of sampling.
If one supposes that the chemical processes within the storage bottle are instantaneous, one can identify in each sample the relationship between the measured concentration, CMES, the average concentration of rain, Cp, and the average flux of dry and cloud deposition over the accumulation period, (p:
where H is the amount of water in the bottle. If CMES and Cp are expressed in mg l" 1 , DACC in days and H in mm, <p will be in mg m"" day" 1 . According to this simplified and conceptual representation of reality, the flux of aerosol recovered by the gauge, cp, should appear as the slope of the tendency of concentrations to be augmented by DACC IH values. Both graphical representations (Fig. 6) and Spearman rank correlation tests (Table 2) It is possible to establish a typology of the elements according to the relevance of their relationship with DACCJH: -Marine elements (CI", Na + ) and alkalinity do not show any relevant relationship with DACCJH. Their input cannot be linked to dry periods between rains. -Most anthropogenic and lithological elements (NO3", K + , S1O2, SO4*"") are strongly linked to the variable DACCJH.
-Ca~+ and Mg-+ are less, but nevertheless still clearly, linked to DACCIH.
This typology can be compared with that of the origin of the rain. The proportion of the concentration of elements linked to Type 3 (anthropogenic) rains, such as SCV", NO3", SiC>2, K T , can be explained by particle deposition during dry periods. In the specific case of SiCb, values close to zero for low DACCJH suggest that this element may enter the catchment only by dry deposition. At the opposite extreme are elements linked to Type 1 (Saharan: alkalinity) and 2 (marine: Na + and CI") inputs. In the middle lie Mg~T and Ca~+, linked to atmospheric pollution, but also to marine salts (Mg~+) and Saharan red dusts (Ca~+).
In spite of the high occult input of chloride in the Rimbaud basin, no relevant relationship was found between chloride concentrations in bulk precipitation and recovery time. As wet deposits cannot be distinguished from dry and cloud deposits, it must be assumed that they enter the catchment at the same time. The occult deposits can mainly be attributed to cloud deposition (DeFelice, 1989) , particularly during some winter rain events. The same remark can be made for sodium, which has the same origin as chloride, and alkalinity, whose inputs are mainly linked to some rare "red rain" events (Avila et al. 1998) .
As the terrigenic and anthropogenic elements Ca~+, Mg" + , K + , SO4"", NO3" and Si02 are linked to DACCIH, the independence of wet and dry inputs for these elements cannot be rejected. This hypothesis explains a certain proportion of the elements measured in the raingauge. Silica represents an extreme position, considering that, with low DACCJH values, concentrations were very low, whereas high DACCJH samples showed significant concentrations of this element. Roughly estimating the slopes of the tendencies in Fig. 6 , the flux of dry deposition could account for up to 25% of Ca~+, Mg 2+ and S0 4 2 ", between 20 and 50% of K + and NO3", and more than 80% of Si0 2 bulk deposition.
Many rainwater chemical analyses report a slight decrease in precipitation concentrations with an increase in rainfall volume (e.g. Durand et al, 1992; Robson et ai, 1994) . This correlation can be interpreted as: -intra-event processes: first, condensation of rain droplets in the clouds, then washing of the particles in the air below. The latter becomes negligible since there is a limited supply of particulate material in the atmosphere below the cloud base (Berner & Berner, 1987 ). -extra-event processes, such as dry and cloud deposition. Table 1 shows that the correlation of the concentration of anthropogenic and lithological elements with volume is much lower than that with the parameter DACCIH. This shows the predominance of extra-event processes in the negative correlation with volume, in this particular study. Intra-event processes should therefore be studied separately from extra-event processes, by means of wet-only deposition analysis.
CONCLUSION
Bulk precipitation collected in open raingauges is currently used to quantify the chemical input fluxes in catchments. The present study has helped qualify the bias associated with this sampling mode: it represents almost the whole of wet deposition, and a significant fraction of dry and cloud deposition.
Taking into account the history of rain records and sampling, the interpretation of chemical data demonstrates the importance of dry deposition as a contributor to the chemical signature of the samples. Nevertheless, this interpretation does not explain the additional chloride deposition, which is attributed instead to direct deposit by clouds on the catchment. This process, which occurs during rainy periods, was found to be responsible for half the deposits of chloride. These findings were used to compensate for the lack of chloride values in the measurements needed in experimental combined chloride and discharge modelling of the Rimbaud catchment (Fourcade, 2001) .
As the other elements are produced by the dissolution of the rock outcrop, and take part in the biological cycle, their total input over long periods cannot be estimated by output fluxes. The inputs for these elements were found to be biased by dry and cloud deposition, but total input remains impossible to evaluate.
In conclusion, bulk precipitation collectors provide incomplete information on real chemical inputs in catchments, and this means that it is imperative to combine these data with information from other sources to judge the aptness of the measurement.
